The mechanism of enhanced superconductivity in the one unit-cell (1UC) FeSe film on a SrTiO3 (STO) substrate has stimulated significant research interest but remains elusive. Using low-temperature, voltage-gated Raman spectroscopy and low-temperature valence electron energy loss spectroscopy (VEELS), we characterize the phonon behavior and interfacial charge transfer in single-and few-layer FeSe films on STO. Raman measurements reveal ambipolar softening of the FeSe vibrational modes, mimicking that of the underlying STO substrate. We attribute this behavior to an interfacial coupling effect of STO on FeSe lattice dynamics. This interfacial coupling effect is further supported by local electron effective mass enhancement, which is determined from the redshift in the FeSe VEELS spectrum near the FeSe/STO interface. Our work sheds light on the possible interfacial mechanisms contributing to the enhanced superconductivity across the FeSe/STO interface and further unveils the potential of low-temperature gated Raman spectroscopy and VEELS in clarifying a broad category of quantum materials.
The discovery of iron-based superconductivity [1] has attracted widespread attention due to its high superconducting transition temperature (Tc) [2] [3] [4] [5] [6] and novel electronic phase diagram in which spin density wave (SDW) and superconducting orders coexist and compete [7] [8] [9] . It is widely accepted that superconductivity in these materials originates from antiferromagnetic spin fluctuations in the so-called s± wave Cooper pairing state. This state is characterized by nodeless and nearly isotropic order parameters with opposite sign on the nested electron and hole Fermi surfaces [10] [11] [12] . That being said, the absence of hole pockets in intercalated or 1UC FeSe [13] [14] [15] [16] [17] [18] [19] [20] challenges the former understanding that coexistence of electron and hole pockets is instrumental to superconductivity, which emerges after the suppression of the SDW instability. In particular, when 1UC FeSe is interfaced with a heat-treated SrTiO3 (STO) substrate, the Tc is found to greatly exceed that of bulk FeSe, with a superconducting gap up to 20 meV [21] and is among the highest for superconducting heterostructure systems [22] . This has led to many experimental investigations of the interface effect [18, 21, [23] [24] [25] , including the roles of interfacial charge transfer and electron-phonon coupling. However, the detailed mechanism at a mode-and spatially-resolved level is not yet clear.
In this work, we study the phonon dynamics and interfacial charge transfer in 1UC FeSe/STO using low-temperature, voltage-gated Raman spectroscopy and low-temperature valence electron energy loss spectroscopy (VEELS), respectively. The gate voltage modulates the density of proximity charge carriers at the FeSe/STO interface, while Raman spectroscopy provides an extremely sensitive tool to study the interfacial electron-phonon coupling phenomena at a moderesolved level. On the other hand, low-temperature VEELS offers a unique tool to directly quantify the charge transfer process with atomic resolution. Ambipolar softening of FeSe phonons with gate voltage is observed, mirroring that of the underlying substrate. In addition, an unusual red-shift in the FeSe plasmon peak is discernable near the FeSe/STO interface. Both suggest an unusual nonlocal interplay between the FeSe charge carriers and STO phonons. Our work helps to elucidate the interfacial mechanism in the superconducting FeSe/STO heterostructures and demonstrates a promising pathway to utilize low-temperature gated Raman spectroscopy and VEELS to study electron-phonon interaction mechanisms in a broad category of quantum materials.
Raman spectroscopic measurements were carried out on superconducting FeTe-capped 1UC FeSe films atop TiO2-terminated insulating STO (001) substrates. Comparison between the Raman spectra of FeTe/1UC FeSe/STO and bare STO at room temperature reveals additional peaks contributed by FeSe and FeTe vibrational modes in the range of 100 -200 cm −1 , as shown in Figure 1a . Most prominent are the peaks found at 104, 126, and 143 cm −1 in the 300K spectrum, which we attribute to the FeSe Eg, FeTe A1g, and FeTe B1g modes, respectively, shown in Figures 1b and c. Strong signatures of these additional peaks likewise appear in the temperature-dependent Raman spectra of the few-layer sample consisting of an 8UC FeSe thin film (Figure S1b) , corroborating the assignment. Superconductivity in both films was confirmed by transport measurements (Figure S5 ). The two sharp Raman peaks at 126 and 143 cm −1 identify with the FeTe A1g and B1g modes [26, 27] , while the comparatively weak peak at 104 cm −1 is consistent with the FeSe Eg mode found in related work [28] and with the thin layer of FeSe present. We also note subtle evidence of the FeSe A1g and B1g modes near 166 and 192 cm −1 which are likewise in good agreement with existing works [29, 30] . The Raman signatures of these vibrational modes are apparent even at low temperatures down to 4K (Figure 1a) and are distinguishable from the STO Raman peaks, which differ significantly between 300K and 4K due to the well-known structural transition near 110K [31] .
Notably, the positions of the FeSe and FeTe Raman peaks in this energy range are quite insensitive to temperature when compared with the behavior in bulk crystals [28, 29] , which underscores the significance of the STO substrate in templating the growth of the FeSe layer. Such structural stabilization of FeSe by the substrate was also shown to be favorable for enhanced electron-phonon coupling in this system [32] . Having identified the relevant vibrational modes, we then varied a backgate voltage Vg between -200V and 200V across the FeTe/1UC FeSe/STO sample, which was maintained at 4K, well below Tc [21, 33] (schematics in Figure 1d ). Qualitative changes in the spectral intensity as a function of Vg are highlighted in Figure 1e and shown to be highly reproducible.
With all vibrational modes assigned, we plot all five measured spectra from negative to positive bias voltage in Figure 2a . To characterize the phonon behavior as a function of gate voltage, we directly determined the peak positions from the raw Raman spectra by identifying zeros and quasi-discontinuities in its first derivative, which correspond to peaks and kinks, respectively, as shown in (Figure 2e) . The FeSe Eg mode corresponds to Se vibrations in the plane perpendicular to the direction of the applied electric field, while the FeSe and FeTe A1g and B1g modes comprise vibrations of either the chalcogen or metal atom, respectively, parallel to the electric field direction. We make this distinction in order to separate the effect of the static electric field on material polarization [34] from that of electrostatic doping on electron-phonon coupling, both of which may be reflected in Raman spectra as changes in the peak frequency. Despite structural similarities between FeSe and FeTe, the latter is largely insensitive to the gate voltage except for the intensity reduction of the A1g mode (Figure 2g) . By contrast, FeSe vibrational modes exhibit systematic ambipolar softening with applied gate voltage. This is especially apparent in the A1g and B1g Raman shifts, whose intensities also show slight increase with gate voltage. The corresponding behavior of STO modes is shown in Figure  S2c , where we remark the emergence of the "silent" STO mode near 261 cm −1 , which is only Raman-active in the presence of external electric fields [35] , as an indicator of our applied gate voltage. We see that the 400 -500 cm −1 window, which hosts the STO Eg+B1g and LO2 modes [36] , similarly exhibits ambipolar softening and increasing intensity (Figures 2f, S2, and S3) . The remaining STO modes are either slightly hardened in either direction or left unchanged.
The ambipolar dependence of STO modes on gate voltage is highly reminiscent of the electric field-induced strain dependence in STO [37] , which is characteristic of a piezoelectric at voltages near ±200V. Thus, the Raman response of STO under the backgate potential is likely due to strain induced by the inverse piezoelectric effect. Since the applied bias is expected to fall primarily over the STO substrate in the backgate configuration, we suggest that ambipolar softening mirrored by the adjacent FeSe modes is caused in large part by interlayer coupling to STO. While the effect of the STO substrate on FeSe has been explored in the context of (FeSe) electron-(STO) phonon coupling [30, 38] , our results further show that coupling to STO can also affect the lattice dynamics of FeSe. Interestingly, we also observe slightly more softening of the FeSe B1g mode for positive than negative bias (Figure 2d) . This may indicate a strengthened electron-phonon interaction akin to that proposed in recent work [23, 33] , which showed that a positive backgate was favorable for attracting transferred electrons in the FeSe film to the FeSe/STO interface and thereby enhanced their coupling to interfacial phonons without a significant change to the carrier density. Thus, the intimate connection between FeSe and the STO interface promotes the intriguing behavior of FeSe phonons in this system.
To corroborate the observations from Raman measurements, we performed lowtemperature VEELS measurements on both 1UC and 8UC FeSe samples at T=10K to image the spatially-dependent charge transfer and redistribution process. The spectra were taken along a line across the FeSe/STO interfaces shown in Figures 3b and c. Considering the FeSe/STO interface as a prototypical metal/semiconductor junction, the contact potential difference is expected to develop a depletion layer in STO near the interface and a complementary, local accumulation of electrons in FeSe. This electron transfer from STO to FeSe has also been suggested experimentally from a signature blue-shift of the Fe L3 edge in the core-level EELS [33] . By contrast, the VEELS data reveal a red-shift in both the STO and FeSe plasmon peaks as one approaches the FeSe/STO interface, for both 1UC and 8UC FeSe samples, as indicated in Figures  3d-f and in Figures S4a-d. Our observation contradicts the expected behavior of the FeSe plasmon peak obtained from dielectric function theory calculations, which instead predict a slight blue-shift, as shown in Figures 3e-f . The red-shifts on either side of the interface could be attributed either to local depletion in electron concentration or to local enhancement of the electron effective mass. If we suppose that the red-shift in the STO plasmon peak arises from the transfer of interfacial electrons to FeSe, then it is possible that the red-shift of the FeSe plasmon peak is contributed at least in part by a local enhancement of the FeSe electron effective mass mediated by interaction with STO phonons at the interface. However, additional experiments would be necessary to further clarify this point. The VEELS measurement clearly reveals an interfacial effect on FeSe electrons within a ∼ 1nm-wide region, comparable to the width of the first two atomic FeSe layers which are believed to host superconductivity from thickness-dependent studies [18, [39] [40] [41] .
To summarize, we used complementary low-temperature gated Raman spectroscopy and VEELS measurements to characterize the FeSe phonon dynamics and interfacial charge transfer in FeTe-capped 1UC and 8UC FeSe films on STO. Despite the structural similarities of FeSe and FeTe, we identify a unique ambipolar response of the FeSe vibrational modes that mimics the underlying substrate and indicates a nonlocal interfacial coupling effect of STO on FeSe lattice dynamics. The importance of interfacial coupling is strengthened by our observation of an unexpected red-shift in the FeSe VEELS spectrum near the FeSe/STO interface, which is a possible signature of FeSe electron effective mass enhancement through interaction with STO interfacial phonons. Our work adds new insights to the rich and intriguing study of high-Tc superconductivity in the 1UC FeSe/STO system and demonstrates the application of low-temperature gated Raman spectroscopy and VEELS to probe the electron-phonon characteristics of a quantum material.
Methods

Sample Growth and Preparation
The FeSe films used in this work were grown in an ultrahigh vacuum (UHV) MBE chamber with a base pressure lower than 5×10 -10 mbar. The insulating STO(001) substrates were heat-treated to obtain a uniform TiOx-terminated surface. Then, the STO substrates were transferred into the MBE chamber and degassed at 600C for 1h. FeSe films were grown by co-evaporating Fe(99.995%) and Se(99.999%) from two separate Knudsen cells with a flux ratio of 1:20 on the STO substrate at 330C. The growth rate for the films was approximately 0.25 UC/min. Epitaxial growth was monitored by in situ reflective high-energy electron diffraction (RHEED), where the high crystal quality and the atomically flat surface were confirmed by the streaky and sharp "1×1" patterns. To avoid possible contamination, a 10UC-thick epitaxial FeTe capping layer and another 10nm Te layer were deposited on top of the FeSe films before removal from the growth chamber for gate Raman spectroscopy and VEELS measurements.
Gated Raman Spectroscopy
The Raman spectra were measured in a custom-built micro-Raman setup. The samples were excited with a continuous wave (CW) diode-pumped solid-state laser (Excelsior, Spectra Physics, 532nm, 100 mW) through an upright microscope using a 50x longworking distance objective with NA (numeric aperture) = 0.5. The typical incident laser power on a sample was maintained at ~ 100 W to reduce possible laser heating and damaging of the samples during Raman spectra acquisition. The scattered Raman light was analyzed by a spectrometer (Spectra Pro 2300i, Acton, f = 0.3 m) that was coupled to the microscope and equipped with an 1800 grooves/mm grating and a CCD camera (Pixis 256BR, Princeton Instruments). The low-temperature Raman spectra were measured using a liquid He-cryostat (MicrostatHiResII, Oxford Instruments) with a temperature controller (MercuryiT, Oxford Instruments) that allowed precise temperature control from 3.6 to 300 K as well as biasing a sample. The cryostat was mounted on a motorized XY microscope stage (Marzhauser) under the microscope of the micro-Raman setup. The cryostat was evacuated to the base pressure of 7 . 10 −7 mbar prior to cool down.
Valence Electron Energy Loss Spectroscopy
The VEELS spectra are analyzed to reveal the electronic state of the interfacial layers. Each spectrum was deconvoluted using the Fourier-log method to remove the zero-loss peak and the effect of plural scattering [42] . Complex dielectric constants of STO, FeSe, and FeTe in position coordinates can be extracted from a Kramers-Kronig analysis using experimentally-measured EELS. The formulas used in our calculation follow Appendix II of Moreau et al. [43] . Although Moreau et al. include interfacial effects based on dielectric theory, they assume that the interface is an ideal geometrical plane and that the dielectric constant behaves as a step function of position across the interface of the two media. However, the actual intermediate layer cannot be sharp [44] due to the likely occurrence of charge transfer upon contact of the two media. The EELS of the low-loss region (up to 50 eV) is dominated by plasmons. The plasmon peaks in VEELS are determined by fitting the data to a superposition of Lorentzian functions. The plasmon peak position is given by [45] :  describes the real interband transitions and is zero until the real excitations from the bound band are allowed [45, 46] . Consequently, we ignore the effect of 0  in our calculations. From Eq. 1, the variation of the plasma frequency caused by the change in electron density can be determined as: 
where pe  and pc  are plasmon frequencies in coordinate x from experimental and calculated VEELS spectra, respectively.
Transport Measurement
The Hall and longitudinal resistances were carried out in a Quantum Design Physical Property Measurement System (1.8 K, 9 T) with the excitation current flowing in the film plane and the magnetic field applied perpendicular to the plane. The FeSe/STO films were scratched to a six-terminal Hall bar geometry device using a needle by hands. The backgate voltage was applied using the Keithley 2450.
